ABSTRACT: Identifying links between breeding and non-breeding sites in migratory animals is an important step in understanding their ecology. Recognising the relative importance of foraging areas and ascertaining site-specific levels of recruitment can provide fundamental and applied insights. Here, satellite telemetry and the stable isotope ratios (δ 13 C, δ 15 N and δ 34 S) of 230 green turtles Chelonia mydas from a regionally important rookery in northern Cyprus were employed to evaluate the relative importance of 4 foraging areas. A preliminary analysis of stable isotope ratios suggested that a major foraging area had been missed through satellite telemetry as a large proportion of turtles had isotope ratios that did not correspond to sites previously identified. Stable isotope ratios were then employed to select 5 turtles to be fitted with platform terminal transmitters in 2015. All 5 turtles were subsequently tracked to the same location, Lake Bardawil in Egypt. Serially collected tissue samples from 45 females, ranging over 2 to 4 breeding seasons, suggested that foraging site fidelity was very common, with 82% of females exhibiting extremely high temporal consistency in isotope ratios. Quantifying fidelity allowed an evaluation of foraging areaspecific contributions to each breeding cohort over the past 2 decades and demonstrated that recruitment was unequal among sites, and dynamic over time, with Egypt now currently the major contributor to the nesting aggregation. This work demonstrates the utility of stable isotope analysis to elucidate the spatial ecology of cryptic taxa and illustrates how more robust baselines can be assembled against which to measure the success of future marine conservation initiatives.
INTRODUCTION
Many species undertake migrations, including onto genetic shifts between successive life-stages (Bol ten et al. 1998 , Reich et al. 2007 or regular seasonal (Hobson & Schell 1998) and reproductive migrations (Rubenstein & Hobson 2004) . Philopatric species (animals that return to their natal region to breed) often form genetically distinct populations (Greenwood 1980 , Meylan et al. 1990 ), but not all individuals from the breeding population necessarily migrate to the same non-breeding site (Webster et al. 2002 , Bolker et al. 2007 . Identifying these links be tween breeding and non-breeding sites is a priority for species conservation, but tracking migrating animals can be difficult. Large terrestrial species can often be observed or tracked using extrinsic markers (Rubenstein & Hobson 2004) , although this is difficult with smaller, more vagile species because detectability is low. Tracking animals in the marine environment is especially challenging as animals can move across great distances. Satellite telemetry has the ability to provide real-time insight into animal movements, including the large seasonal migrations of marine megavertebrates (Hart & Hyrenbach 2009 , Block et al. 2011 , Jeffers & Godley 2016 , identify stock connectivity (Bonfil et al. 2005 , Heide-Jørgensen & Laidre 2006 , Zerbini et al. 2006 and guide the implementation of marine protected areas (Scott et al. 2012 , Revuelta et al. 2015 and time-area closures (Shillinger et al. 2008) . Nevertheless, satellite telemetry is expensive and can entail direct costs to the study animals, and therefore, sample size is often limited (Wilson & McMahon 2006 , Godley et al. 2008 . However, the satellite data from a few individuals can be scaled-up to infer habitat use at a population level through the use of forensic chemical techniques such as stable isotope analysis (Hobson 2007 , Jaeger et al. 2010 , Zbinden et al. 2011 , Robinson et al. 2016 .
Stable isotope analysis (SIA) utilises the stable isotope ratios in the tissue of an animal to evaluate its resource use and migratory origin (Newsome et al. 2007 . The isotopic composition of a consumer's tissue reflects that of its diet after undergoing a predictable trophic enrichment (Graham et al. 2010) , providing a natural intrinsic tag that can link an animal to a location (Hobson 2007 ). The time period over which the diet is assimilated depends on the tissue-specific turn-over rates, and meta bolically active tissues can be selected dependent upon the time frame to be studied . Most studies to date have employed the stable isotope ratios of carbon ( N) as dietary tracers because these elements are informative about foraging site location and the trophic level of the consumer (Peterson & Fry 1987 , Hobson 1999 . Carbon stable isotopes of a consumer reflect those of the primary producer as little fractionation occurs through successive trophic levels (~1 ‰) (DeNiro & Epstein 1978) . More specifically to the marine environment, δ 13 C can exhibit several strong spatial gradients relating to mean temperature and salinity because these factors influence primary production. In general, δ 13 C values increase from higher to lower latitudes, as well as from oceanic to neritic ecosystems, and from pelagic to benthic food sources (Hobson 2007 , Koch 2007 . The δ 15 N of a primary producer can be strongly influenced by the mode of nitrogen cycling , and substantial trophic discrimination (~3.4 ‰) (DeNiro & Epstein 1981) enables assumptions to be drawn concerning the consumer's trophic level (Hobson & Welch 1992 , Godley et al. 1998 . Nitrogen cycling in coastal ecosystems is strongly influenced by anthropogenic inputs of nitrogen. Sources such as agricultural fertilisers and animal or human waste can elevate nitrate levels, resulting in an increase in δ 15 N of particulate organic matter that is reflected within the food web (Vander Zanden et al. 2005 , Kendall et al. 2007 .
Isotopic tracking at finer regional scales can be confounded in situations where there is ambiguity in source isotopic compositions (i.e. multiple geographically distinct areas share a similar isotopic profile), as discrete isotopic differences may not exist (Hobson 2007) . In these circumstances, an additional isotope or trace element can be incorporated to supplement the carbon and nitrogen isotopes and possibly establish discrete differences among sites. The stable isotope ratio of sulphur ( 34 S: 32 S or δ 34 S), for example, is particularly useful in differentiating be tween inshore and offshore feeding populations (Barros et al. 2010) and ontogenetic dietary shifts associated with successional developmental habitats (Car dona et al. 2009 ). Sulphur isotopes make ideal indicators for identifying the source of primary production as very little trophic discrimination occurs (Koch 2007) . Sulphur is considered to truly discriminate between neritic and oceanic ecosystems as phytoplankton and most macroalgae assimilate marine sulphate and are characterised by δ 34 S values of ~21 ‰ (Cardona et al. 2009 ). Conversely, benthic primary producers such as seagrasses have a lower and more variable δ 34 S value because 34 S from sulphide-rich sediments is oxidised back to a sulphate within rhizospheres before being taken up by rooted plants (Fry et al. 1982 , Peterson & Fry 1987 , Moncreiff & Sullivan 2001 .
There are some marine isoscapes (spatially explicit predictions for baseline isotope values) available, but these are generally of too coarse a scale to infer the foraging site of a species at a regional level , Somes et al. 2010 , McMahon et al. 2013 . Thus, isotopic approaches to infer foraging area are often validated through the isotopic composition of satellite-tracked individuals (e.g. Jaeger et al. 2010 , Zbinden et al. 2011 , Seminoff et al. 2012 ) that can then be used to create species-specific isoscapes, such as those developed for the loggerhead turtle Caretta caretta (Ceriani et al. 2014 , Vander Zanden et al. 2015 . However, a primary caveat of integrating SIA with satellite telemetry is the effective time lag between these techniques; SIA records the isotopic re gime prior to tissue sampling, whilst satellite telemetry tracks the animal after transmitter attachment (Seminoff et al. 2012) . Therefore, it is important to assess the foraging site fidelity of the study species before assuming that the isotopic composition of the tracked animal was assimilated at the finally deter-mined foraging area (e.g. Vander Zanden et al. 2010 , Tucker et al. 2014 .
Here, we set out to fully categorise the foraging areas utilised by a green turtle Chelonia mydas population that has been the subject of long-term individual-based research (Stokes et al. 2014) . Extensive satellite tracking has identified several key foraging sites for this population (Godley et al. 2002 , Stokes et al. 2015 , and repeat tracking of a small sample suggested that they exhibit fidelity to these sites (Broderick et al. 2007 ). We specifically set out to address 4 main research aims: (1) to infer the proportion of the nesting population that forage at each identified site, (2) to quantify foraging site fidelity among adult females, (3) to assess recruitment from each foraging area and (4) to evaluate the effectiveness of stable isotope ratios in monitoring the relative importance of foraging areas over time.
MATERIALS AND METHODS

Study site
Alagadi is a double coved beach that stretches along approximately 2 km of shoreline and is currently the second largest green turtle nesting area in Cyprus, and the fifth most important regionally (Stokes et al. 2015) . Long-term monitoring, including saturation tagging and nest protection, was initiated at Alagadi in 1992 with a mean ± SD of 16 ± 11.3 females nesting annually (range = 3-30, from 1993 to 2000) . Since 2008, the number of females nesting each year has in creased rapidly to 46.5 ± 2.4 (range = 23-86, 2008 to 2015) .
Satellite telemetry
Between 1998 and 2011, 23 Platform Terminal Transmitters (PTTs; see Supplement 1 at www. intres. com/ articles/ suppl/ m582 p201_ supp. pdf) were attached to 21 female green turtles (Godley et al. 2002 , Broderick et al. 2007 , Stokes et al. 2015 and 2 males ( Fig. 1 ; Wright et al. 2012) . All PTTs were attached on nesting beaches in northern Cyprus using standard protocols set out in Godley et al. (2002) , with satellite data processing and conclusive endpoint destinations as determined by Stokes et al. (2015) . Satellite tracking identified 4 distinct regions as important foraging areas for Mediterranean green turtles: (1) several sites around Turkey and Cyprus (hereafter Turkey-Cyprus); (2) the Gulf of Sirte and the Libya− Tunisia border (hereafter West Libya); (3) the Gulf of Bomba (in eastern Libya); and (4) Egypt (Fig. 1 , Stokes et al. (2015) ). Subsequent to a preliminary analysis of the stable isotope ratios, we targeted 5 specific females during the 2015 breeding season for the attachment of Wildlife Computer SPOT-293A tags (see Supplement 1).
203 Fig. 1 . Post-nesting green turtle satellite tracks from Cyprus to 4 broad-scale foraging areas: Turkey-Cyprus (TC), which combines several foraging sites clustered around Turkey and Cyprus; West Libya (WL), which combines 2 sites (the Gulf of Sirte and a site on the Libyan-Tunisian border); the Gulf of Bomba (Bo) in east Libya; and Egypt (Eg), which combines 2 sites (Gulf of Arab and Lake Bardawil). Light grey tracks: individuals satellite tracked between 1998 and 2011 from Stokes et al. (2015) and Wright et al. (2012) ; thick black dashed track: previously unpublished male tracked to southern Cyprus (PTT = 52818); black tracks: individuals satellite tracked in 2015 to Lake Bardawil, Egypt. Numbers indicate how many individuals were satellite tracked to each foraging area. Pie charts segmented to represent the proportion of individuals assigned to each foraging area based on their stable isotope composition from the 2015 analysis. The black section of each pie is equal to the proportion of the 165 turtles assigned to that specific foraging area
Tissue sample collection
A total of 323 tissue samples were collected from 230 green turtles on Alagadi beach in northern Cyprus (35°19' 56.17" N; 33°28' 57.59" E) between 2006 and 2015. Tissue samples were collected from post-nesting females during the breeding season (mid-May until end of July), with the exception of 1 male encountered at Alagadi beach still coupled to the emergent female (the other satellite-tracked male was not tissue sampled; see Supplement 1). Tissue samples comprising of a small epidermal biopsy (< 0.5 cm 2 ) were taken from the trailing edge of the fore flipper and stored in 96% ethanol until sample preparation. All turtles were individually marked using both external flipper tags and Passive Integrated Transponder (PIT) tags (Stokes et al. 2014) .
Stable isotope analysis
We analysed the stable isotopes of carbon, nitrogen and sulphur from green turtle epidermal tissue samples (Seminoff et al. 2006 ) following a standard protocol (Ceriani et al. 2014) , with the exception that samples were dried at 60°C for 48 to 72 h. Approximately 0.7 ± 0.1 mg of each sample was weighed into a tin capsule, sealed and analysed for carbon and nitrogen. Isotope analysis was performed at the Stable Isotope Facility of the Environment and Sustainability Institute (ESI; University of Exeter, Penryn Campus) via a continuous flow isotope ratio mass spectrometer (CF-IRMS) using a Sercon Integra2 stable isotope analyser. A greater sample mass was required for sulphur isotope analysis, with approximately 5 ± 0.5 mg of sample sealed into a tin capsule together with a small amount (<1 mg) of vanadium pentoxide to aid combustion of the larger sample quantity. The analysis of sulphur isotopes was conducted at Elemtex in Launceston, UK using an ANCA SL attached to a Sercon 2020 CF-IRMS.
Stable isotope ratios are expressed using a conventional notation as δ values defined as parts per thousand or per mil (‰) according to the following equation as per Bond & Hobson (2012) :
where X is 
Selecting samples
Tissue samples were available for some females over multiple breeding seasons, and these were employed to quantify foraging site fidelity. However, to avoid pseudoreplication when inferring foraging area use at a population scale, we selected a single epidermal tissue sample for each turtle. A more de fined criteria was employed for selecting tissue samples for satellite-tracked turtles to ameliorate the time lag between satellite telemetry and SIA. For satellite-tracked turtles, we selected tissue samples using the following criteria in order of preference: (1) sample mass available to analyse all 3 isotopes; (2) sample collected during the breeding season subsequent to satellite tracking, (3) sample collected during the PTT deployment or (4) sample collected temporally closest to when the turtle was satellite tracked (see Supplement 1). No tissue samples were available for 4 satellite-tracked turtles, and so these were omitted from this study (see Supplement 1). When multiple tissue samples were available for turtles that were not satellite tracked, we selected the most recent sample available to minimise any temporal variation in baseline isotopic values that might occur over long time frames.
Control of possible methodological biases
To evaluate additional sources of variation, we analysed 20 paired samples to determine if lipid extraction was necessary (Post et al. 2007 ). Paired t-tests were conducted on lipid extracted and non-lipid extracted samples (see Supplement 2) with no significant differences found for δ Some disparity exists within the literature concerning the effect that a > 70% ethanol concentration can have on the isotopic values of stored tissue samples (Hobson et al. 1997 , Tillberg et al. 2006 , Barrow et al. 2008 , Kaufman et al. 2014 . Therefore, as tissue samples for this study were stored in a 96% ethanol concentration, we conducted paired t-tests on tissue samples collected simultaneously from 33 individuals and stored in 96% and 70% ethanol concentration for up to 5 mo (see Supplement 3). We found no significant differences between samples (δ 
Assigning turtles to the foraging areas
Nominal assignment approaches are commonly used to predict the foraging locations of a population using stable isotope signatures calibrated from the satellite telemetry of a subset of individuals (Wunder 2012) . We broadly followed previously described methods (Ceriani et al. 2012 , Pajuelo et al. 2012 , Vander Zanden et al. 2015) to predict foraging area using a discriminant function analysis (see Supplement 4), with a secondary classification method as per Zbinden et al. (2011) to distinguish between 2 sites that were isotopically similar.
Investigating foraging site fidelity
Evidence for foraging site fidelity has already been demonstrated for this population of green turtles through the repeat satellite tracking of 3 individuals (Broderick et al. 2007 ). To further investigate foraging site fidelity among a broader sample, we used serially collected samples from 45 females, with 33 sampled over 2 seasons, 9 sampled over 3 seasons and 3 sampled over 4 seasons. Samples for 42 of the females were collected from consecutive breeding seasons including all females sampled for > 2 seasons. The other 3 females were sampled for 2 breeding seasons, but these were not consecutive as they were not sampled for a single intermediate breeding season. To investigate fidelity, we used a repeatability analysis to test the temporal consistency in isotope ratios with the identity of the turtle as the grouping factor and the predicted foraging area as a covariate (see Supplement 5).
Evaluating foraging area-specific annual contributions to the breeding cohort
If foraging site fidelity is typical within the Alagadi population, then the individually based nesting data collected at Alagadi since 1992 (Stokes et al. 2014) can be used to retrospectively evaluate the foraging area-specific contributions to each breeding cohort based on the turtle's unique identification. Although the analysis is limited to nesting females that were satellite tracked, or had their foraging area inferred through SIA, some of these females have nested consistently since 1992, and their unique identity can therefore be used to gain an insight into foraging area dynamics prior to the initiation of the tissue sampling regime. For each year that a turtle nested, it was included as a contributor from its respective foraging area, and therefore, some females are represented in multiple seasons.
RESULTS
A broad range in stable isotope values were found S values compared to those from West Libya, providing isotopic differentiation between these sites (Figs. 3 & 4) .
Inferring foraging area use
The initial composition of the data, validated by the 19 turtles satellite tracked before 2015, strongly suggested that the pre-defined foraging areas did not fully characterise the isotope ratios of the turtle population (Fig. 2) . Thus, we hypothesised that a foraging area had been missed, or under-represented, through previous satellite tracking effort.
To substantiate this hypothesis, we conducted a preliminary discriminant analysis using δ 13 C and δ 15 N values to obtain prediction probabilities for turtles that might forage in the area not previously characterised. We selected 3 turtles with isotope ratios corresponding to this uncalibrated isospace, in addition to the 19 satellite-tracked turtles, to calibrate a discriminant analysis and predict the putative foraging area for 181 turtles (see Table S2 in Supplement 4 & Supplement 7). We then produced a list of 48 turtles that were likely (at > 80% probability) to forage in the isotopically uncharacterised foraging area (Fig. 2) .
This list of 48 turtles was subsequently used during the 2015 breeding season to select 5 females for PTT deployment based on their prediction probabilities. Eight of those 48 turtles nested at Alagadi that season, of which 6 had a > 90% probability of foraging in the uncharacterised area and were specifically targeted for PTT deployment. On their next successful nesting attempt, 5 of these 6 turtles were fitted with PTTs and tracked for 58 to 146 d (mean ± SD = 80.6 ± 37.13; Fig. S1 ). All 5 turtles were tracked to the same foraging area, Lake Bardawil in Egypt ( Fig. 1 ; Supplement 1, Fig. S1 ) where the PTTs then failed, most likely due to the hypersaline conditions within the lake as this is a common occurrence among all turtles tracked to this location (Nada et al. 2013, Kevin Ng pers. comm.) .
Subsequent to the 2015 breeding season, and with the full isotopic composition of the turtle population now validated through the satellite telemetry of 23 turtles, we conducted a second discriminant analysis with the addition of a third stable isotope (δ N values for green turtles included in the preliminary discriminant analysis. Crosses represent the mean ± SD of isotopic values for satellitetracked turtles used to calibrate each foraging area. Filled shapes represent turtles satellite tracked to Bomba (n = 7; circles), Egypt (n = 2; triangles), Turkey-Cyprus (n = 3; squares) and West Libya (n = 7; diamonds) along with individuals selected to characterise the unidentified foraging area (n = 3; inverted triangles). Open circles: individuals of unknown foraging area (n = 183). Note: One data point removed for greater graph clarity (δ S values of satellite-tracked turtles used to calibrate Turkey-Cyprus (n = 3; squares) and West Libya (n = 6; diamonds); dashed lines: upper and lower CI for Turkey-Cyprus; dotted lines: upper and lower CI for West Libya; open circles: turtles to be assigned. Individuals within the grey overlapping region were unassigned (n = 15); individuals above the grey region were assigned to TurkeyCyprus (n = 11), and those below were assigned to West Libya (n = 19) Ellipses set at 95% CI (total n = 165) previously sampled females (n = 27) and some alternate tissue samples sourced for some females from other years (n = 21) were incorporated within this ana lysis, whilst some females (n = 42) from the preliminary analysis were excluded, as the initial sample mass was not always adequate to analyse the greater quantity necessary for sulphur; this simultaneously excluded 1 turtle (G044) satellite tracked to West Libya (see Table S2 in Supplement 4). Discrete differences were found in the combined isotopic values (MANOVA, Pillai's trace test, F 3,19 = 6.54, p < 0.001), yet multiple pairwise comparisons conducted with Tukey's honestly significant difference (HSD) still failed to identify discrete differences among all foraging areas (Table 1) . For this reason, we combined the 2 foraging areas that were not discretely differentiated (Turkey-Cyprus and West Libya; TCWL) to establish discrete isotopic differences among 3 groups (Bomba, Egypt and TCWL; Table 1 ). With normal distributions found for the 3 isotopes, and the variance among foraging areas homo genous, we employed a linear discriminant function analysis. We used nonuniform priors using the number of turtles tracked to each site from the satellite telemetry (Royle & Rubenstein 2004 , Vander Zanden et al. 2015 ) and a posterior probability of assign ment set at 80%. The discriminant analysis was evaluated using the leave-one-out cross validation method with 95.7% of turtles from the training data correctly reclassified. The putative foraging area was predicted for 132 of 165 turtles (80%), with 45 (27%) assigned to the combined foraging area of TCWL. The 45 turtles assigned to TCWL were then subjected to a secondary classification method based on their δ 34 S values because this discriminating criterion showed the greatest statistical differences among sites (Table 1) . The pooled means and 95% confidence intervals (CI) for the turtles satellite tracked to each foraging area were used to create an overlap in which turtles could not be reliably assigned to either foraging area; these were then included with the turtles unassigned from the discriminant analysis. Those turtles with a δ 34 S value greater or lower than the overlap created by the CI were assigned to TurkeyCyprus or West Libya, respectively (Fig. 3) . The combination of the 2 nominal assignment approaches resulted in 11 turtles (7%, n = 165) predicted to forage in 19 (12%) C values differed by <1 ‰ and 96.7% by <1.5 ‰ within an overall range of 6.1 ‰. As carbon isotopes are a more accurate predictor for the source of primary production (Michener & Kaufman 2007) , we contrasted the difference in δ 13 C among serially collected samples to the mean difference in δ 13 C among sites (1.7 ‰). This gave us a conservative estimate of 82% of females (37 of the 45 females) remaining site-faithful as these individuals did not exhibit a difference >1 ‰ in δ 13 C among seasons. Thus, we assumed that foraging site fidelity is extremely common within this population. Only 2 females exhibited differences >1.5 ‰ in δ 13 C among seasons (4.5%), suggesting that plasticity in foraging site fidelity does exist, although it is relatively rare (Fig. 5 ). An isotopic mismatch was also noted for 1 turtle satellite tracked to West Libya in 2003 because it had isotopic values more suggestive of the Gulf of Bomba when tissue was sampled during the subsequent breeding season ( Fig. 2 ; turtle G055). However, this turtle appeared to remain faithful to Bomba for the subsequent 2 interbreeding intervals. Evaluating foraging area-specific annual contributions to the breeding cohort Foraging site fidelity being typical within this population, we were able to utilise the individuallybased nesting data collected at the breeding study site since 1992 (Stokes et al. 2014) retrospectively to evaluate foraging area specific contributions to each breeding cohort. We found that the contributions to the annual breeding cohort from each foraging area were unequal among years (generalised linear model, GLM, F 3, 84 = 8.91, p < 0.001) with a general biannual variation characteristic among foraging areas (Fig. 6, Supplement 9) . The trends identified for each foraging area suggest that Bomba was historically the major contributor to the breeding population, but recent trends suggest that there has not been any substantial increase in the number of females from this site (Fig. 6a) . Egypt, and in particular Lake Bardawil, may have only contributed a few individuals to each breeding cohort until 2010, but then the number of females significantly increased from this site, with the result that Egypt is presently the single most important foraging area for the Alagadi rookery (Fig. 6b) . The trends for Turkey-Cyprus and West Libya (Fig. 6c & d, respectively) suggest that these foraging areas only contribute a few individuals to each breeding cohort, which is in stark contrast to the inferred importance of these sites from the satellite telemetry (Fig. 1) .
DISCUSSION
The stable isotope ratios of the study population have significantly altered our perception of the relative importance of the 4 foraging areas identified through satellite telemetry and allowed us to quantify foraging site fidelity and investigate foraging area dynamics. Based on our experience here, we advocate the use of SIA prior to, and during, satellite tracking campaigns and discuss in turn the major insights that we have gained from the present study.
Selecting the elements for stable isotope analysis
Stable isotopes are now commonly used to track animal migration across broad spatial scales for both terrestrial and marine species (Rubenstein & Hobson 2004 , Michener & Kaufman 2007 ). However, this study and others (e.g. Tucker et al. 2014 ) did C values. Subplots represent within individual absolute differences among serially collected samples using the first sample as a re ference. Filled circles: Bomba; triangles: Egypt; squares: TurkeyCyprus; diamonds: West Libya; open circles: unassigned not find discrete isotopic differences among all nonbreeding sites at a regional level given that the 2 most geographically separated foraging areas (Turkey-Cyprus and West Libya) were the most similar for δ 13 C and δ 15 N. The predictable increase of δ 13 C to wards the lower latitudes (Hobson 2007 , Koch 2007 ) was confounded as our foraging areas were located on the north and south continental faces. Without the addition of the sulphur isotope ratios, we could not have reliably predicted the foraging area for a large proportion of turtles within this population. The strong negative correlation found between δ 13 C and δ 34 S was previously undescribed among sea grass habitats and resulted in sulphur being the more informative for this study population. Sulphur was specifically selected for this study because green turtles are thought to feed predominantly on seagrasses within the Mediterranean (Cardona et al. 2010 ) that derive their nutrients from the marine sediments as opposed to the open ocean environment. Benthic macroalgae and seagrasses therefore can vary considerably among sites because the marine sedimentary cycle (reviewed by Thode 1991) produces a wide range in δ 34 S values as the reduction of seawater sulphate to H 2 S in shallow sediments is influenced by rock type and accretion rates. Thus, we considered that these factors should produce variable δ 34 S values at a local level despite the similarity in habitat type. However, strong intrasite differences have been found in the δ 34 S values of seagrasses attributed to the interaction of particulate organic matter and oxygen levels exuded by seagrass roots . Seagrass samples taken only hundreds of metres apart can have as great a difference in δ 34 S as samples taken thousands of kilometres apart . Nevertheless, such variation over small geographic scales is incorporated within large megavertebrates, such as green turtles, that forage over tens of square kilometres (Broderick et al. 2007 , Christiansen et al. 2017 , and the diet assimilated provided distinct differences among distant foraging areas. In a similar study, Tucker et al. (2014) did not find δ 34 S in loggerhead turtles Caretta caretta to be informative because the intra-foraging site variation in δ 34 S values encompassed a much greater range (11 to 15 ‰ at several sites), effectively masking among-site differences. However, loggerhead turtles consume a broader diet over a greater range of depths than green turtles, and, importantly, they do not necessarily forage in food webs based on benthic primary production.
Using stable isotope analysis to target satellite tracking
The application of SIA validated by satellite telemetry is almost routine now when evaluating foraging areas (Rubenstein & Hobson 2004 , but the SIA is commonly conducted subsequent to the satellite telemetry. The present study has effectively demonstrated that SIA conducted prior to, or during, satellite telemetry campaigns can greatly augment the study by providing scientific guidance to identify specific groups of individuals for PTT attachment and infer the most likely number of transmitters necessary to identify isotopically discrete foraging sites.
Assigning turtles to their foraging area
The combined results of the nominal assignment approaches predicted the foraging areas for 71% of the turtles sampled. This provided a sample size of 117 turtles, from the 165 analysed, to assess the relative importance of the foraging areas using SIA, and this yielded substantially different results from those inferred from satellite telemetry (Fig. 1) . The satellite telemetry conducted before 2015 inferred that 65% of green turtles from northern Cyprus were foraging in Libya (35% in West Libya and 30% in the Gulf of Bomba), 22% in Turkey-Cyprus and 13% in Egypt (Wright et al. 2012 , Stokes et al. 2015 . In contrast, SIA suggested that 25% foraged in Libya (12% in West Libya and 13% in the Gulf of Bomba), 7% in Turkey-Cyprus and 39% in Egypt but with 29% undetermined. The difference be tween these 2 techniques arises from several factors, including the limited sample size associated with satellite tracking relative to SIA sampling, interannual variations in the relative contributions from each foraging area and, most importantly in this case, the recent demographic shift causing an increase in turtles recruiting from Lake Bardawil. The observed differences in results from these techniques underline the need to conduct SIA, in addition to satellite tracking, over sufficient time frames to prevent erroneous conclusions because both the relative contributions from foraging areas and baseline isotopic values are dynamic. These techniques should complement each other, as SIA will never be as accurate as satellite telemetry but satellite telemetry will rarely incorporate such robust sample sizes. Thus, a sustained tissue sampling protocol should be supported by satellite telemetry as resources permit.
Ascertaining foraging site fidelity
This study builds upon a growing body of evidence that green turtles (Broderick et al. 2007 , Vander Zanden et al. 2013 , Shimada et al. 2014 and other marine turtle species (Schofield et al. 2010 , Thomson et al. 2012 , Tucker et al. 2014 , Pajuelo et al. 2016 show high levels of fidelity to non-breeding sites. The ability to isotopically track some individuals for up to 4 breeding seasons, with a temporal frame of ap proxi mately 2 to 8 yr, presented clear evidence for a high degree of fidelity to the pre-defined foraging areas. We consider our estimate of 82% of females exhibiting fidelity to be conservative as only 2 females (4.5%) exhibited substantial differences in δ 13 C (>1.5 ‰), which would be more indicative of a move over a broad spatial scale, considering the mean difference in δ 13 C among our sites. However, plasticity does exist, and Stokes et al. (2015) also noted evidence from satellite telemetry of secondary movements after turtles had taken up residency, but these were also relative exceptions (4 individuals out of a total of 29 tracked conclusively to foraging grounds). These movements were generally between neighbouring foraging sites, and in some cases only temporary, but this suggests that foraging site fidelity is not hard-wired and is most likely subject to external variables such as resource availability.
Monitoring foraging site contribution over time
Significant temporal change in the number of individuals originating from foraging areas can be informative of foraging area dynamics without the need to conduct site-based surveys. In this case, the foraging area-specific trends in the annual contribution to each nesting cohort clearly demonstrate that the increase in the number of females nesting at Alagadi is primarily being driven by the recruitment of turtles that forage in Egypt (Lake Bardawil). Several alternative and not mutually exclusive drivers could result in such a foraging area-specific increase in re cruitment. These include (1) an increase in the survival probabilities of juveniles and sub-adults as industrial fisheries are excluded (Casale 2011 , Casale & Heppell 2016 , (2) greater foraging re sources reducing the age to sexual maturity , (3) temporal oscillations in sea surface currents, such as those dictated by the Cyprus eddy (Zodiatis et al. 2005) , that can vary the distribution of pelagic-stage juveniles and thus the number of individuals recruiting to each foraging area (Gaspar et al. 2012 , Scott et al. 2014 or (4) a shift in the ecological conditions within Lake Bardawil so that this site now provides a more suitable foraging resource (El-Bana et al. 2002 , Abd Ellah & Hussein 2009 , Nada et al. 2013 . To expand on this latter hypothesis, evidence suggests that the reopening and ongoing maintenance of the 2 man-made channels in the western and central part of the lake have significantly reduced salinity levels (1970: 100 ‰, 2012: 46.1 ‰) (Abd Ellah & Hussein 2009 , Nada et al. 2013 and references therein) and allowed Cymo docea nodosa, the primary dietary item of the green turtle within the Mediterranean (Cardona 2010) , to colonise and now dominate the shallow western basin (ElBana et al. 2002 , Abd Ellah & Hussein 2009 ). Further corroboration from satellite tele metry indicates that the turtles predominately re main within the beds of C. nodosa (Nada et al. 2013 ) which suggests that they might not forage on the Ruppia Cirrhosa that forms monospecific habitats within the eastern basin, and the only seagrass re corded within the lake prior to the reopening of the channels in 1988 (Lipkin 1977 , ElBana et al. 2002 , Abd Ellah & Hussein 2009 ). Therefore, Lake Bardawil might provide a new foraging location as high salinity levels and inadequate forage may have previously precluded green turtles from this site.
The knowledge that a high proportion of recruits are originating from a single site is a critical development in our understanding of foraging area dynamics. At present, the conservation efforts undertaken on the beaches of northern Cyprus have been effective in increasing the number of hatchlings reaching the water (Stokes et al. 2014 ) with a possible rise in the number of juveniles reaching a reproductive age. However, ensuring that the current trends in recruitment continue may largely depend on the adequate protection of the turtles foraging within Lake Barda wil, although this might be challenging as some humanturtle conflict has been reported as turtle abundance increases (Nada et al. 2013) . Therefore, stakeholder discussions and international co-operation are necessary to protect turtles foraging in Egypt in addition to those from the key recognised sites in Libya, namely the Gulf of Bomba and the Gulf of Sirte (Casale 2011 , Stokes et al. 2015 , Casale & Heppell 2016 .
CONCLUSIONS
Through the analysis of stable isotopes calibrated by satellite telemetry, we have answered several important questions for the conservation of marine turtles (see Hamann et al. 2010 , Rees et al. 2016 . These include identifying and assessing the relative importance of all major foraging sites utilised by green turtles nesting at Alagadi, quantifying foraging site fidelity and gaining a critical insight into foraging area dynamics.
This work builds upon a detailed, long-term monitoring programme following a marked population (e.g. Broderick et al. 2001 , 2003 , Stokes et al. 2014 that emphasises the true value that such individual-based data can provide. The long-term nesting data used to evaluate the annual contributions to the rookery from each foraging area for > 2 decades was pivotal in identifying the substantial increase in the number of turtles that forage in Lake Bardawil. In turn, this insight emphasises the importance of Cymodocea nodosa for this species and the necessity of protecting these scarce habitats to ensure the long-term viability of green turtles within the Mediterranean.
We stress the importance of having a balanced satellite telemetry campaign, supported by long-term SIA, as contributions from foraging areas to the breeding cohort are unequal among years, and importantly, these proportions can shift dynamically over time. These data can provide essential baseline evidence to advise and monitor marine conservation efforts such as establishing marine protected areas, formulating site-specific management plans and increasing international cooperation through the identification of important migratory links. A caveat to this type of foraging area assessment is that males are poorly represented. Evidence suggests that some foraging areas can be highly female biased, reflecting primary sex ratios (Jensen et al. 2016) , and targeted efforts are needed to collect more tissue samples from males. Future research will evaluate the reasons for the substantial shift in the relative importance of these foraging areas and the root cause(s) for the increase in recruitment from Lake Bardawil.
